The effect of intravenous infusion of adeno sine on CBF was studied in seven patients with cerebral arteriovenous malformation. The patients were examined with positron emission tomography with controlled ven tilation using [150] water and [l1C] fluoromethane as tracers. To tal and regional CBF were determined before and during infusion of adenosine at rates producing a re duction of the MABP by -10-40%. Six patients were normoventilated, and one was hyperventilated. Mean CBF in areas with normal brain tissue was 54 ml/IOO glmin before adenosine infusion under normoventilation.
Summary:
The effect of intravenous infusion of adeno sine on CBF was studied in seven patients with cerebral arteriovenous malformation. The patients were examined with positron emission tomography with controlled ven tilation using [150] water and [l1C] fluoromethane as tracers. To tal and regional CBF were determined before and during infusion of adenosine at rates producing a re duction of the MABP by -10-40%. Six patients were normoventilated, and one was hyperventilated. Mean CBF in areas with normal brain tissue was 54 ml/IOO glmin before adenosine infusion under normoventilation.
Adenosine infusion increased mean CBF with 23-85%.
Adenosine is an endogenous vasodilator consid ered to be involved in the local blood flow regula tion of various tissues, such as the heart (Berne, 1974) , the brain (Winn et aI., 1981) , and adipose tissue (Sollevi and Fredholm, 1981) . Isolated cere bral vessels were sensitive to the vasodilatory ef fect of adenosine (Berne et aI., 1981) , and con stricted vessels can be relaxed by physiological concentrations of the compound. This effect may be linked to the stimulation of adenylate cyclase and a subsequent increase in smooth muscle cyclic AMP, which is mediated through an adenosine re ceptor of the A2-subtype (Daly, 1983) .
Such receptor activation has been demonstrated in cerebral vessels of the cat (E dvinsson and Fred holm, 1983) and in man (Sollevi, 1986) . To pical ap plication of adenosine on cerebral vessels in situ is Mean CVR was decreased with 43-65% and exceeded the percentage reduction of MABP in all normoventilated subjects. In the hyperventilated patient, the reduction of CVR was similar to the reduction of MABP, and CBF was unaffected, except for a 30% increase in the thal amus. It is concluded that intravenous administration of adenosine produces marked cerebral vasodilation in nor moventilated subjects and that this response can be counteracted by hyperventilation. Key Words: Adeno sine-Anesthesia-Arteriovenous malformation-Ce rebral blood flow-Human-Hypotension-P ositron emission tomography. also associated with vasodilation in cats (Wahl & Kuschinsky 1976 ). However, intravascular admin istration of adenosine does not induce cerebral va sodilation in cats and dogs (Berne, 1974) , although such an effect has been shown in rabbits (Heistad et aI. , 1981) and baboons (Forrester et aI. , 1979) . These conflicting results of systemic adenosine ad ministration probably reflect species differences with regard to the vascular anatomy (Heistad et al., 198 1 ) and the precise localization of the blood brain barrier.
The present study was undertaken to evaluate the cerebrovascular effect of systemic adenosine administration in man. The study was performed with positron emission tomography (PET) in the preoperative examination of patients with arterio venous malformation of the brain. The main objec tive was to study the effects in normal tissue and not in the malformation itself.
PATIENTS AND METHODS
Seven patients without history of cardiopulmonary dis eases were included in this study. There were three women and four men with an age ranging from 13 to 52 years. All patients were scheduled for open surgery of cerebral arteriovenous malformation.
On the day of surgery, patients were examined with PET under general anesthesia. Premedication with orally administered diazepam (10-20 mg) was given I h prior to induction of anesthesia. Immediately before induction, atropine (0.25-0.5 mg) and droperidol (0.1 mg/kg) were given intravenously, and the anesthesia was then induced with thiopental (5 mg/kg) followed by phenoperidine (1-2 mg). Pancuronium bromide (0.1 mg/kg) was administered to facilitate endothracheal intubation. Anesthesia was maintained with supplementary doses of phenoperidine, which prevented the blood pressure from exceeding the preanesthetic level. Controlled ventilation was employed with 60-65% nitrous oxide in oxygen. Six patients were normoventilated with Paco2 close to 40 mm Hg, while one patient was hyperventilated (PaC02 25-29 mm Hg). A 1.0mm, plastic cannula was introduced into the left radial artery to monitor systemic arterial blood pressure and to collect blood samples. A central venous catheter was inserted from the right brachial vein, and the tip was placed in the superior vena cava. The ECG was moni tored with a standard chest lead (Y5). Heart rate was de termined from the R-R interval. MABP was measured with a transducer placed at the mid-thoracic level. The various parameters were recorded on a Grass-polygraph.
Computed tomography (CT) was performed in all pa tients prior to the PET scan. Both CT and PET were performed with an individually shaped, plastic helmet (Bergstrom et aI., 1981 , Greitz et aI., 1980 to ensure a correspondence between slice orientation with the two techniques.
The PET examinations were performed with a Scandi tronix PC384-7B camera, allowing seven slices of the ob ject to be measured simultaneously. The camera and its figures of merits have been described in detail previously (Litton et aI., 1984) . The measurements were started im mediately after intravenous injection of ISO-labeled water (six cases) or llC-labeled fluoromethane (one case). The injected amounts of radioactivity were about 1,000 MBq for both flow tracers.
The activity uptake was recorded in a dynamic se quence of measurements as a function of time. The frame rate was set to 10 s per data set. This frame rate per mitted evaluation of the flow in normal tissue, which was the primary goal of this study. The whole study takes 150 s, resulting in a total of 15 sets of data. In fact, the important information was obtained during the first 90 s of the examination and prolongation of the study did not significantly improve the results.
Simultaneously, the radioactivity of arterial blood was registered with an automatic blood sampling system via a thin catheter inserted in the radial artery. The detector part of the system consists of a plastic scintillator. The arterial blood was continuously drawn through the de tector by a peristaltic pump at a speed of � 3 mllmin.
The detector was monitored by a microprocessor-con trolled data logger, which also kept track of the total number of coincidences in the camera. The content of the data logger was automatically transferred to a file in the main computer at the completion of the data collection. The data logger monitored the blood and brain activity in I-s intervals. The availability of this information enables an accurate determination of the time relation between J Cereb Blood Flow Metabo/, Vol. 7, No.6, 1987 the uptake by the positron camera and the activity curve of the blood.
A contour-finding algorithm was used for the attenua tion corrections (Bergstrom et aI., 1982) . For this pur pose, the added last ten data sets were utilized. After reconstruction of the 15 x 7 images, a fast pixel by-pixel fit was performed of the measured data to the model data (Kety, 1960) :
where C(t) is the measured pixel data; Ca(t) , the blood activity at time t; k, the clearance; and f, the pixel blood flow. The symbol (*) denotes the convolution operation.
A method to achieve a fast pixel-by-pixel fit is described by Koeppe et al. (1985) and is the one used in the present study to generate flow maps. This technique utilizes a look-up table of k based on physiologically possible values. For each k tried, a least square estimate of f is performed to find a k-value that best fits the measured data in a least-square sense. It is crucial for the computations to have a correct ar rival time of the injected bolus of activity to the brain, since a shift of this time strongly affects the flow values obtained. Typically, a 3-s shift of this time would change the flow values by more than 10%. The analysis of the data obtained from the blood sampling system should in volve a correction for the smearing of the blood activity curve due to the finite response of the detector. A prelim inary investigation indicates that the mean flow is over estimated by 6% when this factor is not taken into consid eration. The correction for shift is not affected by the smearing.
After a first PET study under normotension and nor moventilation, the injected radioactivity was left to decay ('50 for 10 min and llC for 60-80 min). Thereafter, aden osine (5.3 mg/ml. from the Karolinska Pharmacy) was administered via the central venous catheter by contin uous infusion (Criticon roller pump 2102A) at individual rates (see Ta ble I) that produced a clear-cut reduction of mean arterial blood pressure (MABP). In patient 5, the step-wise increase in infusion rate was terminated at 470 /Lg/kg/min because the last dosage adjustment did not fur ther affect MABP. At the end of the adenosine-induced hypotension period (10 min), a second PET study was performed in the same manner as before. Arterial blood gas analyses was performed at normotension and hypo tension.
Regions of interest were outlined on the CT scans and transferred to the PET examinations. Due to technical factors (CT data storage), such a transfer was not pos sible in four patients. In these patients, the regions of in terest had to be outlined on the PET scans and the number of regions limited. In other patients, other factors, such as the size and location of the arteriovenous malformation, limited the number of regions of interest included. When possible, regions of interest were se lected to represent a whole slice of brain tissue with pre sumably normal tissue that did not contain any part of the arteriovenous malformation, a whole hemisphere contra lateral to it, and further cortex, white matter, pallidum, thalamus, nucleus caudatus. Furthermore, the malforma tion itself and the zone immediately surrounding it were outlined, although the main objective was to study normal tissue.
Cerebral vascular resistance (CYR) was calculated by dividing MABP with CBP for normal brain tissue as de termined in a whole section of the brain, or a hemisphere, containing both white and gray matter (but not malforma tion).
RESULTS
The results are summarized in Ta bles 1 and 2. During normotension, MABP ranged from 60 to 85 mm Hg and the heart rate ranged fromn 60 to 108 beats/min. Five patients had a Paco2 close to 40 mm Hg, while patient 1 was moderately hyperventilated during normotension. Patient 7 was hyperventilated with a Paco2 of 25 mm Hg. The CBF for normal brain tissue containing both white and gray matter ranged from 42 to 76 ml/l00 g/min (mean 54, SD 12), and the CVR ranged from 0.99 to 1.68 mm Hg/ml/lOO g/min (mean 1.42, SD 0.25). In the hy perventilated subject, (patient 7), the mean CBF was 44 ml/l00 g/min. CBF in the hemisphere con tralateral to the malformation was similar in the six patients where this measurement was performed. CBF in white matter was consistently lower than that in gray matter, although conspicuously high in one case (patient 3). The flow in the malformation, as determined according to Eq. 1, was two to three times higher than the mean CBF in all patients but patient 3, who showed a 50% lower flow in the mal formation as compared to the mean CBF. At angi ography, the malformation of this patient was shown to be spontaneously thrombosed.
Intravenous adenosine infusion, at a final rate, of 200-500 f,Lg/kg/min, induced a reduction of MABP by 9 to 38%. The maximal increase in heart rate was 16 beats/min. The mean Paco2 in normoventi lated subjects was 40 mm Hg, and thus did not differ from baseline values. In the hyperventilated patient, (patient 7), Paco2 increased from 25 to 29 mm Hg. In normoventilated patients, the CBF in creased with 23 to 85% (mean 55%) in normal brain tissue (Table 3) . For a whole section of the brain as well as a hemisphere, the changes during normo ventilation were significant at the 1 % level (Stu-dent's paired t test, n = 6). The significance level for cortical tissue was at the 5% level (n = 5). The increase of flow was seen in all normal brain re gions but was most prominent in the thalamus, as shown in three subjects. The marked increase in CBF is illustrated in Figure 1 (patient 6 ). However, under hyperventilation (patient 7) there was no ef fect of adenosine infusion, except for a 30% in crease of blood flow in the thalamus.
There was no correlation between changes in CBF and the dose of administered adenosine. Fur ther, there was no correlation between CBF changes and baseline PaCOZ' The flow response was most variable in the malformations, where both in crease and decrease was noted during adenosine in fusion (Table 3 ). In the zone surrounding the mal formations, the response was similar to that seen in normal brain tissue.
CVR decreased in all subjects as a consequence of reduced MABP in combination with maintained or increased CBF (Table 3 ). The percentage reduc tion of CVR was more pronounced than the reduc tion of MABP in all normoventilated subjects (Fig.  2 ) but similar to that of MABP in the hyperventi lated patient.
DISCUSSION
The major finding in this study was that system atically administered adenosine caused a marked vasodilation in human cerebral vessels resulting in increased CBF. This effect was demonstrated in six normoventilated subjects. The increased CBF oc curred in parallel with a significant reduction of the cerebral perfusion pressure. Consequently, CVR was reduced more than MABP.
However, difficulties with flow quantitation with [150]water as a tracer has been discussed by Her scovitch et al. (1985) . Due to diffusion limitation, high flows will be especially affected. A measured flow of 70 mlllOO g/min corresponds to a true flow of 85 mlllOO g/min according to Herscovitch, a cor- rection of 18%. The reason to use [JlC]fluoro methane, which has no diffusion limitations, in ad dition to [l50]water, is to compare the high-flow data obtained with the two tracers. Similar flow values were obtained (for normal tissue) with the two tracers used, indicated that quantitation of re gional CBF (rCBF) with water as a tracer gives reli able flow values. However, further experience and evaluations indicate that fluoromethane is superior to water as a flow tracer. With water, flow values for white matter tend to be somewhat overesti mated (see Ta ble 2). The fact that no increase in CBF was seen in the malformation in the majority of the patients in this study during adenosine infusion, may be partly ex plained by the flow being too fast for examination with a frame rate of 10 s. Moreover, it is question able if the simple flow model in Eq. 1 is applicable for evaluation of the fast flow through an arteriove nous malformation. Whichever tracer was used, the adenosine infu sion increased the rCBF in normal brain tissue in all normoventilated subjects, thus indicating that adenosine passed the blood-brain barrier to exert its effect on the smooth muscle cells of human cere bral vessels, provided that the functional barrier is located in the vascular endothelium. The most pro nounced blood flow increase was noted in the thal amus. The reason for this is not clear, but it may be speculated that exogenous adenosine has a more easy access to the smooth muscle cells of the vessels in this structure than in the rest of the brain or that the adenosine receptors are more abundant in this area, resulting in a stronger vascular re sponse to the substance. An increased CBF in the thalamus was also seen in the hyperventilated sub ject, not showing a significantly increased CBF in other areas of the brain.
Adenosine has an extremely short half-life time in biological material, the plasma half-life being <10 s (cf Sollevi, 1986) . Human brain tissue con centrations of adenosine are not known, but the ex tracellular concentration in rat brain has been esti mated to be close to 1 fLM (Zetterstrom et aI., 198 1) . The plasma concentration in man is in the range of 0. 1-0.2 fLM (Sollevi et aI., 1984a) . During adenosine-induced hypotension, it is increased to above 1 fLM (Sollevi et aI., 1984b) . Thus, a 10 to 20-fold elevation of the plasma adenosine concen tration is needed for a pronounced systemic vasodi lation to be achieved, and this vascular response can also be demonstrated in the brain during nor moventilation.
It could be argued that adenosine is exerting its cerebral vasodilatory effect as a consequence of an enhanced metabolic rate of oxygen (CMR02). This is unlikely, however, since adenosine, if anything, reduces the oxygen consumption. It has been shown that adenosine may depress both sponta neous and evoked potentials in central neurons (cf Fredholm and Hedqvist, 1980) . Thus, if exoge nously administered adenosine can reach nervous tissue, a reduction of the oxygen consumption would be expected. A reduced CMR02 (15-20%) was in fact observed during adenosine-induced hy potension in neurosurgical patients (Lagerkranser et aI., 1985) . As previously mentioned, intravascular adminis tration of adenosine induces cerebral vasodilation in baboons and rabbits but not in dogs or cats. The various responses is probably due to species varia tions in the ultrastructure of the cerebral vessels and the blood-brain barrier. This also illustrates the difficulties in generalizing biological effects of systemically administered compounds.
In the hyperventilated patient in this series aden osine had no significant effect on CBF. CVR and MABP decreased in parallel, indicating preserved autoregulation (see Fig. 2 ). This suggests that hy perventilation counteracts the cerebral vasodilatory effect of adenosine. Similar results have been ob tained in a study where adenosine was used for controlled hypotension during aneurysm surgery (Lagerkranser et aI., 1985) . In that study, adenosine did not affect CBF in six patients with Paco2 of 30 mm Hg. Hyperventilation is also known to coun teract the cerebral vasodilatory effect of other com pounds, such as nitrous oxide (Jorgensen and Mis feldt, 1975) . The fact that CBF is maintained in stead of enhanced during adenosine-induced hypotension in combination with hyperventilation is of clinical significance, since this allows an ade quate oxygen transport without major increase in intracerebral blood volume (and hence intracranial pressure). Thus, there appears to be no reason to believe that the lack of response in the present case was due to a loss of autoregulation during the hy potension. Further studies on the cerebrovascular effects of adenosine are now in progress, including measurements of blood volume changes and ox ygen utilization.
